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Additional work was also conducted to support the PhD research of Huikwan Kim at Univ of Rhode Island (in collaboration with Prof. Jim Miller and Prof. Gopu Potty), in which the MMPE model was expanded to include acoustic propagation in an atmospheric layer over the ocean surface. This version of the model is being employed to investigate noise propagation from off-shore wind turbine installations.
Finally, work progressed to extend the 3-D MMPE model for 2-D rough surface scattering to Cartesian coordinates.
WORK COMPLETED
Utilizing a 2-dimensional (range and depth) version of the MMPE model that accounts for rough surface scattering, adapted for use in FY11, the effects of a dynamically evolving rough ocean surface were investigated. The rough surface was modeled after data collected during the KAM11 experiment by Mohsen Badiey at the Univ of Delaware and collaborators. Recorded data at near-bottom receiver stations exhibited deterministic scattering structures in the arrival patterns. The MMPE model was then utilized to confirm the predictability of some aspects of these signals.
In addition, a version of the MMPE model was updated in FY12 to include the effects of near-surface bubbles. This was done by incorporating a model of near-surface bubble plume effects on sound speed and attenuation, developed by Joseph Senne at the Univ of Delaware, under the supervision of Prof. Mohsen Badiey. The model was 2-dimensional (range and depth), and was correlated with a 1-dimensional rough surface model, previously incorporated into MMPE. With the addition of the nearsurface bubbles effects, the influence of near-surface bubbles on the scattering statistics was examined.
A new version of the 2-D MMPE model was also implemented in FY12 that accounts for propagation in the air above the ocean surface. While this also has potential for future surface scattering studies, it was utilized in FY12 by Huikwan Kim at Univ of Rhode Island, under the supervision of Profs. Jim Miller and Gopu Potty. The model was further adapted to incorporate modeled noise fields from the installation of off-shore wind turbines, generated by an FE model, and initial estimates of the propagation of these acoustic fields in the air, water, and sediment were computed.
In FY11, the analytical expressions for modeling a 2-dimensional rough ocean surface with a 3-dimensional version of MMPE were developed and implemented in cylindrical coordinates. In FY12, this was extended to include the expressions consistent with a Cartesian coordinate system, and implementation into a new version of MMPE is underway.
RESULTS

Dynamic Rough Ocean Surface and Near-Surface Bubble Studies:
A schematic of the KAM11 experimental geometry for the UDel study is provided in Fig. 1 (courtesy of Mohsen Badiey). A pair of UDel tripods were deployed on the seafloor, each with a source and an eight-element receiving array for reciprocal transmissions. There was also a UDel waverider buoy approximately half-way between the tripods to record the rough surface conditions. Figure 1 also displays a top view of geometry, the sound speed profile measured by a nearby thermistor string, and a sample measured surface wave spectrum.
During the time of the recorded surface wave spectrum, reciprocal transmissions were recorded on each tripod, and on monitoring hydrophones near the ocean surface at the top of the thermistor string. Figure 2 displays the impulse responses received over the course of 30 s for these reciprocal transmissions at both shallow and deep depths. The data exhibited some interesting coherently focused surface structures, presumably due to large-scale surface wave focusing. The goal of the MMPE modeling was, therefore, to incorporate the measured surface wave roughness spectra and compute the predicted impulse response to determine if these structures were, indeed, predictable.
In Fig. 3 , the MMPE results are presented. As anticipated, many similar deterministic features appear in the arrival structure, especially at the mid-range between the tripods. The results are more dissimilar at the farther range of the tripods themselves, and we are currently investigating influences that could be impacting these results. In Fig. 4 , a realization of the sound speed perturbation near the surface in the presence of bubble plumes is presented (courtesy of Joseph Senne). This perturbation was incorporated into the existing 2-D MMPE model with rough surface scattering in order to explore the additional effects, if any, of near-surface bubbles. Figure 5 displays the TL structure for various numerical scenarios, i.e. with no bubble effects included, with bubble effects included, and with a simplified bubble effect included. Obvious differences occur depending upon how the effect of the near-surface bubble layer is treated. In Fig. 6 , some detailed analysis of the relative surface scattered acoustic intensity for the different near-surface bubble effects is displayed. These results are consistent with the effects of near-surface bubbles being much more pronounced for scattering near the specular point. 
Propagation in Air, Water, and Sediment Studies:
A new version of MMPE was developed in FY12 that includes acoustic propagation above the sea surface. The surface is now treated as a boundary between two contrasting media, much the way the water/bottom interface has been treated. This version still needs validation, but was used to generate some initial results for propagation of the noise field due to off-shore wind turbine installation. Figure 7 displays initial results of the 3-layer MMPE model. The source was generated based on an FE model of the pile-driving that takes place for wind turbine installations. The development of this model provides a tool for future studies that need to capture a more complete picture of acoustic propagation in and around the ocean medium. 
3-D Rough Surface Scattering Studies:
In FY11, the field equations corresponding to the displaced surface field transformation for rough surface scattering were derived in 3-D cylindrical coordinates. While some initial results were computed and showed some expected effects, it was determined that expressions based on a Cartesian coordinate system might be more useful in many circumstance. These derivations were performed but not yet published or tested. The form of these transformed equations in Cartesian coordinates were shown to be
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The form of the operator op T  presents some challenges in implementation due to the additional differential term that must be applied over a variable rough surface. A scheme has been developed to address this and is currently being implemented in a new 3-D rough surface version of MMPE.
IMPACT/APPLICATIONS
The impact of the work done on modeling the 2-D propagation effects due to rough surface scattering is to provide a tool for future use in the development of acoustic communication algorithms and testing. The comparison with measured data also suggests it can be used to predict certain deterministic arrival structures.
The impact of the work done on extending the surface scattering model to 3-D is to allow researchers in future models to directly compute the 3-D, out-of-plane scattering effects of the sea surface. This could also be applied to the development of acoustic communication algorithms, or possibly be utilized to study the effects on high-frequency sonar systems.
